High titers of a noninducible bacteriocin were produced by Clostridium acetobutylicum in a molasses fermentation medium used for the industrial production of solvents. Release of the bacteriocin towards the end of the exponential growth phase was accompanied by lysis of the culture and inhibition of the production of solvents. The producer cells were sensitive to the bacteriocin, which only affected other C. acetobutylicum strains and a Clostridium felsineum strain. The thermolabile bacteriocin was not inactivated by protease enyzmes and had an optimum stability between pH 4 and 5. The sedimentation coefficient of the bacteriocin was 6S.
Clostridium acetobutylicum produces the solvents acetone and butanol from a variety of carbon sources in an industrial fermnentation system, often referred to as the Weizmann process (17, 20) . The microbial fermentation has been largely replaced by synthetic processes based on hydrocarbons, but as a result of the world energy shortage it is being reexamined by a number of laboratories. A factory fermentation plant producing acetone and butanol and using molasses as a substrate is still functional in South Africa. We describe the production by C. acetobutylicum of a bacteriocin, produced during the fermentation process, which could affect solvent yields.
Although bacteriocins of other Clostridium strains have been reported, this is the first report of a bacteriocin produced by C. acetobutylicum. The most extensively studied and characterized clostocins are those produced by pathogenic Clostridium strains (10) (11) (12) 21) . The production of a bacteriocin-like substance by Clostridium sporogenes has been described (3), and four bacteriocins produced by nonpathogenic Clostridium strains have been characterized (8 Bacterial strains. The C. acetobutylicum strains were supplied by National Chemical Products Ltd., Germiston, South Africa. The bacterial strains used in the activity spectrum studies were stock cultures from our department or supplied by P. Appelbaum, Microbiology Department, Medical School, University of Natal, Durban.
Bacteriocin assay. The bacteriocin was assayed by the well method (16) in 10-ml potato medium plates containing 1% (wt/vol) agar and seeded with C. acetobutylicum cells. The wells were filled with 25 IlI of the test solutions. The indicator strain suspension in 0.85% (wt/vol) saline was prepared from an overnight plate of C. acetobutylicum. Bacteriocin titers in arbitrary units (AU) were expressed as the reciprocal of the highest doubling dilution that gave a zone of inhibition surrounding the well.
Bacteriocin production. Aliquots (0.4 ml) of exponential-phase cultures of C. acetobutylicum in molasses medium were inoculated into 200 ml of fresh molasses medium. Samples were removed at different time intervals and centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatants were assayed for bacteriocin. The bacteriocin was precipitated by the addition of either (NH4)2S04 to 70% saturation or 50% (vol/vol) acetone at 4°C. The precipitate was collected by centrifugation at 10,000 rpm and resuspended in 0.05 M tris(hydroxymethyl)aminomethane-maleic acid buffer (pH 5.0).
Induction experiments. Mitomycin C (Calbiochem) and ultraviolet irradiation were used to test for induction of the bacteriocin. Exponential-phase cells were added to potato media containing 0.1, 0.5, 1.0, 1.5, and 3.0 yg of mitomycin C per ml and incubated for 2 h. The cells were then transferred to the molasses or potato media (18 ml) , and the supernatants were assayed after 48 h. Induction by ultraviolet irradiation was carried out on exponential-phase cells in potato medium which were diluted 10-2 in 0.85% (wt/vol) NaCl. Samples (7 ml PIrotease determinations. Protease activity at different time intervals throughout the 48-h fermentation in molasses medium was estimated by using the synthetic nonspecific protease substrate Azocoll (Calbiochem) (18) , the hemoglobin method of Anson (1), and the caseinolytic paper-disk method of Uchino et al. (22) .
RESULTS
Production ofthe bacteriocin. The production of bacteriocin by C. acetobutylicum strain P262 in the molasses fermentation medium is shown in Fig. 1 . Low levels of bacteriocin were detected after 24 h. The concentration of bacteriocin increased rapidly between 27 and 40 h, and very high titers (4,000 AU) were routinely cided with the end of the exponential growth phase and the marked decrease in turbidity of the bacterial culture. Mass lysis of the bacterial culture was not observed when low titers of the bacteriocin were produced. Induction with mitomycin C or ultraviolet irradiation did not result in increased bacteriocin titers. The total production of solvents (acetone, butanol, and ethanol) followed the bacterial growth curve, reaching a maximum of 16.9 g/liter after 40 h. Once the cells started to lyse there was no further increase in the solvent concentration, which plateaued at 34 h. The lysis of the cells was not caused by the solvents, since concentrations of 18.0 g/liter did not affect the growth of the C. acetobutylicum cells or produce zones of inhibition when tested in the well test. It is interesting that the rapid production of solvents coincided with what is known as the pH breakpoint, when the pH of the culture medium started to increase (Fig. 1) . Localization studies carried out at 48 h indicated that the majority of the toxin was extracellular (2,048 AU), compared to 512 AU intracellular and 32 AU cell bound.
Activity spectrum. The producer strain C. acetobutylicum P262 was sensitive to the bacteriocin that it produced when used as an indicator strain in the well test assay. An additional 11 C. acetobutylicum strains were also shown to be sensitive to the bacteriocin (Table 1) . Furthernore, each of these strains produced and was sensitive to a similar bacteriocin, which also inhibited each of the other C. acetobutylicum strains. The bacteriocin was very specific, and the only other bacterial species that it inhibited was Clostridium felsineum (Table 1) . (Fig. 3) . The turbidity of the culture treated with bacteriocin remained constant over 60 min, indicating that the action of the bacteriocin is bactericidal but not bacteriolytic.
Protease activity. No protease activity was detected in high-titer bacteriocin solutions or at any stage during the molasses fermentation. DISCUSSION The production of high titers (2,000 to 4,000 AU) of bacteriocin by C. acetobutylicum in a molasses fermentation medium is not inducible, because the titers are not affected by inducing agents. The producer cells are sensitive to the lethal action of the bacteriocin. A lack of immunity has been reported for a few bacteriocinogenic strains (9, 19) , and it is more prevalent among gram-positive bacteria than gram-negative bacteria (7) . Since the action of the bacteriocin is bactericidal but not bacteriolytic, the lysis of the producer cells is assumed to be due to the liberation of the bacteriocin. Cultures that do not produce high titers of the bacteriocin do not undergo mass lysis. A C. perfringens bacteriocin has been found to cause spheroplast formation (13) , but this did not occur on application of C. acetobutylicum bacteriocin.
Autolysis and toxin release has been reported in C. botulinum (4). Manfeitelj (14) the production of proteases and autolysis in C. acetobutylicum. The mass lysis of the C. acetobutylicum strains described in this paper is not associated with the production of proteases.
The thermolabile nature and pH stability range of the C. acetobutylicum bacteriocin are similar to boticin E produced by C. perfringens (6) . The C. acetobutylicum bacteriocin is also similar in some respects to a group of bacteriocins which are active against C. acetobutylicum and are produced by certain nonpathogenic Clostridium strains (8) . These bacteriocins are thermolabile, are not induced by mitomycin C or ultraviolet irradiation, and have a wide pH stability range (pH 4 to 9) and a broad activity spectrum (8) . The C. acetobutylicum bacteriocin is very specific, and only one other species, C. felsineum, is sensitive to the toxin. C. felsineum is closely related to C. acetobutylicum (5) and produces yields of acetone and butanol equivalent to one-half to three-quarters of that produced by C. acetobutylicum (2) . The specific activity spectrum of the C. acetobutylicum bacteriocin could be useful in the identification of C. acetobutylicum strains.
The C. acetobutylicum bacteriocin was not inactivated by protease enzymes, but there are 436 BARBER ET AL.
on October 27, 2017 by guest http://aem.asm.org/ Downloaded from indications that it is proteinaceous. It is inactivated by the protein-denaturing agents sodium dodecyl sulfate and phenol, is retained by dialysis membrane, has a sedimentation coefficient of 6S, and is precipitated by (NH4)2SO4 and acetone. Streptococcus faecium also produces a bacteriocin, which is not affected by proteases but behaves like a protein (19) . A number of other bacteriocins produced by grampositive bacteria are only partially inactivated by proteases (7, 8) .
The release of the bacteriocin by C. acetobutylicum is detrmental to the industrial production of solvents by fermentation. The rapid lysis of the culture towards the end of the exponential growth phase inhibits the further production of solvents. Prevention of bacteriocin production and lysis could result in an increase in growth and a normnal growth curve with a concomitant increase in solvent yields.
